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The human being lives in the articulation between the intellect and the heart; Between the 
thought and what goes on inside your chest. Being mature means to be able to settle in the 
between the two things, without taking refuge in one of these poles. 
 
–Italo Marsili 
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ABSTRACT 
Optoelectronics is the field of technology concerned with the study and application of 
electronic devices that source, detect and control light. Here we focus on the optical 
communications field which relies on optical fiber systems to carry signals to their destinations 
operating in the near-infrared range. To improve the performance of current optical fiber systems, 
one of the paths is to develop better near-infrared photodetectors.  
The current group of materials used for near-infrared photodetection relies in the III-V 
semiconductor family. Although their spectral photosensitivity correlates well with the near-
infrared, response time performance and electronic circuit integration remain limited for this class 
of material. Complementary metal-oxide-semiconductor-Si photonics technology can be coupled 
with metal interface to form a Schottky barrier extending the silicon detection range to near-
infrared. Above-equilibrium “hot” carrier generation in metals is a promising route to convert 
photons into electrical charge for optoelectronics. However, metals which offer both hot-carrier 
generation in the near-infrared and sufficient carrier lifetimes remain elusive. The aim of this thesis 
is to contribute to the development of a novel class of materials for near-infrared optoelectronic 
applications. 
Early progress in hot-carrier generation showed that one can tune optical and electronic 
properties of noble metals by alloying. The performance of these noble-metals alloys relied 
however on visible light application. Transition metals have a band structure much more favorable 
for hot-carrier generation in the near-infrared. However, due to the electron-electron scattering 
rates, oxidation states, and broad, weak or absence plasmon resonance, they have not gained 
attention in this field. Prior to this thesis, no noble-transition alloy for hot-carrier generation had 
been reported.  
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Here, it is shown that a noble-transition alloy, AuxPd1-x, outperforms its constituent metals 
concerning generation and lifetime of hot carriers when excited in the near infrared. We show that 
at optical fiber wavelengths (e.g., 1550 nm) Au50Pd50 provides a 20-fold increase in the number of 
~0.8 eV hot holes, compared to Au, and a 3-fold increase in the carrier lifetime, compared to Pd. 
In addition, we show that to keep their properties, these alloys should not be exposed to high 




The optoelectronics market is the largest in North America and the fastest growing in Asia. 
According to a report published by IndustryARCTM, the global optoelectronics market was worth 
$3.56 billion in 2018.  These devices allow communication between the optics and the electronics 
converting electrical energy into light energy (and vice versa) through the interaction of light with 
their constituent active materials. While optoelectronics devices include different products 
categories, as light emitting diodes, image sensor, optocouplers, photodetectors (PDs), laser diode 
and photovoltaic cells, they also segregate in different wavelengths applications, as x-ray 
ultraviolet, visible, infrared, microwave and radio wavelengths. Here we focus on the optical 
communications field which is the most impressive submarket inside optoelectronics projected to 
worth $8.153 million by 2026 according to the Allied Market Research. 
Optical communication relies on optical fibers to carry signals to their destinations by optical 
sensing and light-energy harvesting. In optical fiber transmission, the electromagnetic radiation 
ranges from 850 nm, 1310 nm, and 1550 nm, where it is called the near-infrared (NIR) range1. 
These choices of wavelengths are based on the low-loss “windows” in the near infrared. The 
atmosphere imposes high absorption losses as the optical wavelength approaches the resonant 
wavelengths of gaseous constituents such as oxygen, water vapor, carbon dioxide, and ozone. 
Avoiding transmission wavelengths that lie in one of these resonant wavelengths along with 
materials properties led the optical data transmission to operate in specific wavelengths in the NIR. 
 While the right choices of wavelength overcome the challenges for data transmission in our 
atmosphere, the capacity improvement of the optical communication is subject to three categories: 
new optical devices, improved communication techniques and new architectures for optical 
networks2. Optimization in one of these elements can ensure a better-quality operation of the 
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systems by improvement of the data transferring time, and/or reduces the costs associated with 
building and operating the telecommunication network. In the first category, developments are in 
the direction of integrated optics known as Planar Lightwave Circuits or Photonic Integrated 
Circuits2. 
Following that path, our ability to develop better performance optical communication devices 
is constrained by the size incompatibility between optical and electronic circuits integration since 
the micrometre scale of optics is significantly larger than the nanometre scale of modern electronic 
devices3. The Complementary Metal-Oxide-Semiconductor (CMOS) technology is a scaling 
technology used to extend Moore’s law for constructing integrated circuits which are present in 
almost all electronic equipment and devices4. Coupling with Si, CMOS photonics technology has 
enabled functional system on chip, integration of complete electro-optic subsystems and single-
chip transceivers. In addition, silicon provides a high refractive index contrast with SiO2 coupled, 
and low optical absorption in the infrared (i.e. band gap of 1.12 eV) which is ideal for waveguiding 
at telecom wavelengths5. Unfortunately, these same properties make silicon optical 
communication devices infeasible above 1.10 μm wavelengths.  
 An attractive route to extend the response of Si-based photodiodes into the NIR region is the 
heterojunction created between a metal and Si. The contact between a metal and a semiconductor 
creates a so-called Schottky barrier, which requires less energy for the carrier to be injected which 
is usually half of the semiconductor band gap6. When the Schottky barrier-based device is designed 
to absorb light in the metal side, the photocurrent generation mechanism is based on hot-carrier 
generation. The metal absorbs the photons which can generate hot carriers. The carriers that have 
enough energy to overcome the Schottky barrier are injected into the semiconductor. Then, they 
can be collected generating current. 
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Photoexcited metals can generate hot carriers via interband (d → sp), intraband (sp → sp) 
assisted by defects or phonons, and intraband plasmon-assisted Landau damping7–10 . The resulting 
energy distribution of the hot carriers is a convolution of the excitation wavelength, the electronic 
structure of the metal11,  and if applicable, the local surface plasmon resonance of the 
nanostructure. While intraband transitions are well known for generating ‘hotter’ hot electrons in 
noble metals, the number of carriers that can be generated are extremely limited12. The last is due 
to the materials’ joint density of states (DOS) available in the sp band with finite momentum that 
are matched with the localized surface plasmon resonance (LSPR), defect or phonon wave 
vector13,14. In addition, the energy of NIR photons can excite carrier only near the Fermi level, and 
therefore, they do not create highly kinetic energy carriers, even through intraband transition. 
Based on that background, one possible route to improving the efficiency of hot-carrier generation 
in noble metals at near-infrared wavelengths is to shift their energy density of states (EDOS) closer 
to the Fermi level by alloying. In this way, d-states, and therefore, interband transitions, would be 
accessible under longer wavelengths excitation. 
Over the years, alloys have outperformed their elements constituents in many applications as 
catalysis15, optoelectronics16, construction17, jewelry18, odontology18 and etc. Bimetallic materials 
have a long history of providing unique physical properties which reflects in their electronic and 
optical properties19,20. Therefore, alloys have emerged to optimize properties which a single 
element is not capable of providing. Valenti et al.21 and Gong and Leite22 reported that alloying 
noble metals can provide tunable optical and electronic response of the material for an 
improvement in the hot-carrier generation in the visible light regime. In addition, Gong and 
Monday calculated that alloying metals can engineer their EDOS which translates in different hot-
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carrier distribution depending on the metal and alloy composition. However, none of these studies 
have focused on alloying metals for improvement in the NIR regime. 
Transition metals are defined as those elements that have (or readily form) partially filled d 
orbitals23. Some of these metals have their EDOS maximized near Fermi level, i.e., in the NIR 
excitation window (blue highlighted metals in Figure 1.) Alone, a transition metal, has not being 
an efficient material for generating hot carriers due to the electron-electron scattering rates24,25, 
oxidation states26 and their optical limitations for plasmonic matter27. In contrast, noble-transition 
alloys could offer an oxidation resistance, a longer carrier lifetime and a favorable band structure 
for NIR transitions. The focus of this thesis is to explore noble-transition alloys, AuxPd1-x, for near-
infrared. 
 
Figure 1. d-block metals.  The ground-state electronic configurations of the first, second and third-
row d-block metals follows the progressive filling of the 3d, 4d and 5d atomic orbitals, 
respectively. The three nonradioactive members of group 11 of the periodic table are designated 
as coinage metals, consisting of copper (Cu), silver (Ag) and gold (Au) (yellow highlighted). They 
are all relatively inert and corrosion-resistant metals, and therefore, very often, they are mixed with 
other metals to form a so-called alloy. Some transitions metals have large EDOS peak near the 
Fermi level (blue highlighted). (Left part from Moruzzi et al.28. Copyright 1978 Pergamon). 
Of the transition metals which show interband transitions in the NIR (e.g., within 1.5 eV of 
EF), we chose Pd based on two criteria. First, it is more chemically inert than other transition metals 
such as titanium. Second, previous studies of nanoparticles and bulk AuxPd1-x alloys show a 
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redistribution of valence electrons due to hybridization of the Au and Pd band structure, indicating 
potentially new pathways for hot-carrier generation upon alloying29,30. 
Thesis Objectives 
The aim of this thesis is to develop a new class of material for near-infrared hot-carrier 
optoelectronics. In particular we aim at answering the next questions: 
• Optimization of hot-carrier generation in the NIR: hot-carrier generation is of central 
importance for improvement of the photodetector efficiency in the NIR.  Could it be possible 
to optimize hot-electron generation by alloying a noble and transition metal? 
• Photoelectric energy conversion: designing new materials is a key factor to optimize device 
performance. Will an optimized material designed for hot-carrier generation in the NIR 
translate to more photocurrent when applied in a real device? Or are there other challenges 
to overcome? 
Thesis Outline 
The content of this thesis falls into the next chapters:  
• In chapter 1 it is introduced and described the physics behind the absorption of light by 
metals, and consequently, the hot-carrier generation. It is discussed the existent work and 
present the main challenges prior to this thesis: (i) the limited performance of noble-metals 
and noble-metal alloys for NIR, (ii) the inefficiency of hot-carrier generation, and (iii) the 
limitation of transition metals. The chapter is finished stating how a noble-transition metal 
can excel at hot-carrier generation in the near-infrared. 
• In chapter 2 it is introduced and described the functionality of near-infrared optoelectronics. 
The existent works are discussed, and the main challenge prior to this thesis is presented: the 
current performance of near-infrared optoelectronics. The chapter is finished stating how a 
noble-transition metal device can couple with well-established fabrication technologies. 
 6 
• In chapter 3 it is presented the materials and methods used to produce this work. Equipment, 
materials, and setup are presented in details with sufficient information to reproduce any of 
the work showed here. 
• In chapter 4 the obtained results are discussed. There are segregate in the two main projects: 
(i) the noble-transition metal (AuxPd1-x) films for hot-carrier generation in the near-infrared, 
and (ii) the noble-transition metal photodetector device for near-infrared.  The first project 
contains all about structural, optical and electronic properties of the noble-transition metal 
(AuxPd1-x) including effect of heating in this type of material. The second project presents 
the structural and optical characterization of the AuxPd1-x device, and the challenges we faced 
on device characterization.  
• In chapter 5 it is concluded and discussed the potential road-map for noble-transition Alloy 
absorbers for near-infrared hot-carrier optoelectronics applications. The chapter is finished 
commenting on the main opportunities and directions in the field.  
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CHAPTER 1. METALS AND THEIR ALLOYS AS LIGHT ABSORBERS  
Hot-carrier Generation Mechanisms 
Above-equilibrium “hot” carrier generation in metals is a promising route to convert photons 
into electrical charge for efficient-near-infrared optoelectronics. Photoexcited metals can generate 
hot carriers via interband (d → sp), intraband (sp → sp) and plasmon-assisted Landau damping 7–
10, as shown in Figure 2. The resulting energy distribution of the hot carriers is a convolution of 
the excitation wavelength, the electronic structure of the metal11, and if applicable, the local surface 
plasmon resonance of the nanostructure. Following light absorption and hot-carrier generation, if 
the carriers are efficiently transported and collected, they can generate current. This is the principle 
for the hot-carrier-based photodetection process.  
 
Figure 2. Mechanisms of hot-carrier generation. Landau damping (a), Intraband (b) and Interband 
(c) transitions. (Reprinted with permission from Khurgin, 2015. Copyright 2015, Springer Nature). 
Intraband and Interband Transitions 
Intraband transition from a sp state to another sp state has the advantage of generating a hot 
hole and a hot electron. However, it requires a phonon or an imperfection to take place. This is due 
to the fact that the initial (1) and the final (2) state have different wavevectors (momenta), and 
therefore, the magnitude difference (∆𝑘1,2) between these two momenta must be supplied. The 
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∆𝑘1,2 (Figure 2b) is too large and cannot be provided by a photon or a surface plasmon
10. In this 
condition, according to Fermi’s golden rule, the transition probability is proportional to 
𝛾𝑝ℎ(𝜔)𝜔𝑝
2/𝜔219 which means a high dependence on the photon frequency10. In contrast, interband 
transition from a d state to a sp state generates hotter hole than electron. However, due to the 
momentum match and large number of d states, this type of transitions becomes a preferential path 
when the excitation energy is high enough to reach overcome the interband energy threshold of 
the material. 
Landau Damping 
While photoexcited bulk metals can generate hot carriers via intra- and interband transitions, 
metallic nanostructures have the ability to also support collective localized electrons oscillations, 
known as LSPR27,31. When the frequency of photons matches the natural frequency of the localized 
surface electrons oscillating against the restoring force of positive nuclei, this establishes the 
resonant photon-induced collective oscillation of valence electrons32. The resonant photon 
wavelength is different for different metals, making possible to design devices sensitive in 
different wavelength ranges based on the metal choice. After LSPR excitation in these 
nanostructures, electromagnetic decay takes place, either radiatively through re-emitted photons 
or non-radiatively by transferring the energy to hot carriers33. Among the main characteristics that 
will determine if one or another decay happens, the size and shape of plasmonic nanostructures 
are the most determinant parameters. They influence the wavelength at which LSPR takes place, 
and the efficiency of the charge generation. The position of plasmon resonance in absorption can 
be conveniently tuned with the shape of a nanocrystal. Whereas, the key function for the 
plasmonic-carrier generation is the magnitude of the electric field inside the nanocrystal, as higher 
the electric field as higher is the energy of the carriers created31. First, this happens because at 
specific optical frequencies this oscillation is resonantly driven to produce a very strong charge 
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displacement and associated field concentration. Second, while a radiative scattering of resonant 
photons is characteristic of large plasmonic structures, the non-radiative decay is the dominant 
process for smaller nanostructures33–35. This is well explained by the Mie theory that relates the 
particle interaction with incident radiation. Su et al.36 2016 analyzed the dimension effect in the 
transverse direction of plasmonic nanoantennas while longitudinal resonance was applied to the 
nanoantenna arrays. Broadband nanoantennas were achieved by elongating the transverse 
dimensions because increasing it shifts the resonance wavelength and widens its bandwidth due to 
the cancellation of the magnetic field between nanoantennas36. In addition, Chalabi et al.37 2014 
compared the performance of a hot-electron photodetector with a plasmonic nanostripe antenna 
changing the width of the metallic stripes on top of the device (150, 470 and 750 nm widths). The 
narrower stripes absorbed light more effectively than the wider stripes (less scattering)37.  
Hot-carrier Injection 
After hot-carrier generation, the carriers will rapidly thermalize with the surrounding and not 
be collected. A possible optimized approach for this case is when a Schottky barrier is used. 
Combining the metal nanostructures with a semiconductor material, the carriers may have 
sufficient energy and momentum to transverse the barrier and be collected more efficiently38. The 
most common interfaces between Si and metal have barrier heights lower than the photon energy 
provided by the NIR (1.03 eV), as presented in Table 1, making this design very acceptable for 







Table 1.  Schottky barrier heights for metal/n-type silicon and metal/p-type silicon contacts. 
Metal n-Si p-Si 
Au 0.82 - 0.8139 0.3440 
Ag 0.79 - 0.5639 0.5440 
Al 0.76 - 0.5041 0.40 – 0.7541,42 
Cu 0.79 – 0.6939,40 0.4640 
In 0.2840 0.7540 
Ni 0.70 – 0.6739 0.5143 
Pd (Pd2Si) 0.74
44,45 0.3045 
Ti 0.5244 0.5744 
In addition, for the case of plasmon-induced hot electron transfer (PHET), the injection of the 
carriers on the semiconductor can occur in less than 50 fs46. This time is related to the interval 
space that takes the electrons with enough energy to move to the interface to overcome the 
Schottky barrier46. For example, gold has the ballistic mean free path of electrons around 20-150 
nm at energies ∼1 eV above the Fermi level, requiring the dimension of the medium through which 
the electron travels (metal surface to semiconductor interface) to be smaller than that. For this 
ultrafast charge transfer to happen, there must be strong electronic coupling between the metal and 
semiconductor. This interaction makes the injection of carriers to be fast enough to compete with 
rapid energy relaxation time within the metal. In some specific interfaces, such as  Au/TiO2, the  
coupling happens when unfilled conduction band or surface states of the metal and the 
semiconductor are in resonance, they can hybridize to form states with both metal and 
semiconducting character46. These states can facilitate ultrafast charge transfer47. Although this 
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does not directly represent the response time of the device, it is a strong indication of what this 
technology can reach33,48.  
The response time of current photodetectors is typically limited by the RC time constant 
resulting in a fundamental tradeoff between rise time and detection level. For example, InGaAs 
Fast PIN Amplified Photodetectors from Thorlabs are one of the fastest commercial PDs for near-
infrared having a response time of 50 ps. This means that a hot-carrier-based photodetector has 
potential to have much faster response time than current NIR-PDs49. The strong absorption and 
resulting small footprint of interband driven photodetectors reduces the device capacitance such 
that their bandwidth is no longer limited by the RC time constant but rather the transit time between 
electrodes50,51. This relaxation of the RC time constant limitation allows both ultrafast response 
times and high responsivity.  
In addition to occur hot-carrier injection over the Schottky barrier, sufficient momentum is 
required. Here, two types of momentum should be addressed and distinguished. For intraband 
transitions, momentum is required for the transition takes place and generate hot-carriers, since the 
initial and final state of the carrier would have different k-vector in the band structure of the metal. 
For hot-carrier injection, momentum is required after hot-carrier generation, for the carrier 
transition from the metal interface to the semiconductor.  
The geometry of the device provides a specific cone in momentum space (k-space) in the metal 
for the electrons to be emitted directly into the semiconductor38. Knight et al.38 2013 have shown 
that embedding the nanometallic structure in the semiconductor has 25 times more efficient than 
a comparable planar device. Embedding means that the metal is fitting its geometry inside the 
semiconductor, instead of being on top of it as shown in Figure 3. It would essentially form a 3D 
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Schottky barrier on the vertical sides of the plasmonic element, in addition to the planar Schottky 
interface created when the plasmonic element is fabricated on top of the semiconductor device. 
 
Figure 3. 1-D versus 3-D Schottky barrier. Top schematic figure shows a planar support electron 
transport only through the bottom interface. Bottom schematic figure shows a fully embedded 
device which supports electron transport through all three Schottky interfaces. (Reprinted with 
permission from Knight et al., 2013. Copyright 2013, American Chemical Society).  
Carrier Lifetime 
The carrier lifetime in metals is determined by how long the hot carriers last before scattering 
due to the interaction with the electron gas and the phonon system, and returning to their 
equilibrium conditions52. This parameter is crucial for energy harvesting since the carriers must be 
injected into the semiconductor before they return to their equilibrium conditions. Following light 
absorption in the metal, individual charge hot-carriers are created in a non-thermal distribution in 
the order of tens of femtoseconds (fs)53. Then, the initial non-thermal distribution relaxes to a hot 
Fermi-Dirac thermal distribution on the order of hundreds of fs53. Finally, the excess electronic 
energy is transferred to vibrational energy on the order of a few picoseconds (ps), and no hot-
carriers exist anymore53. This relaxation process is shown in Figure 4. 
 
   
13 
 
Figure 4. Schematic of hot-carrier relaxation. Dephasing into energetic electrons and holes in order 
of 10 fs, followed thermalization of hot carriers in order of hundred fs, and finally relaxation of 
hot carriers into phonons in picosecond scale. (Adapted reprinted with permission from Gieseking 
et al. 201653. Copyright 2016, American Chemical Society). 
Based on this relaxation process described, the relevant timescale is referred to as the inelastic 
lifetime of the electronic excitation52 which is the primary energy loss of the excited carrier right 
after photo-absorption. The external and internal parameters of relevance for the relaxation of 
optically excited electrons in metals are excitation energy, (spin-dependent) electronic band 
structure and density of states as well as carrier screening52. These parameters give the transition 
metals a lifetime of one order of magnitude faster than what is observed for noble metals25. 
Alloying noble-metals have not showed a modified carrier lifetime54. 
In this context, the vast promise of localized surface plasmon on noble-metals for generating 
highly hot electrons has been recognized by the plasmonic and near-infrared optoelectronics 
communities38,55,56. However, the merging of these two fields requires additional engineering: 
traditional plasmonic metals (the noble metals: Au, Ag, Cu) do not have many states available for 
near-infrared transitions and are more useful for hot-carrier generation in the visible regime, while 
common transition metals (blue highlighted in Figure 1), which have d-states available at near-
infrared excitation, do not support strong plasmonic resonances and have a shorter carrier lifetime 
than noble metals. Therefore, noble-transition metal nanostructures emerge in the search for ideal 
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materials for near-infrared performance, retaining the optical behavior of the plasmonic metal and 
the electronic structure of the transition metal.  
Optical Properties 
Noble-metals excited by near infrared wavelengths undergo intraband transitions which are 
non-momentum-conserving, as previous reported. Under this circumstance, their properties can be 
described by the Drude theory57. This model is based on the classical equations of motion of an 
electron in an optical electric field, and gives the simplest theory of the optical constants which 
are represented by the dielectric constants, real (𝜀1) and imaginary (𝜀2) parts, in Equation 1 and 2, 
respectively. 









                                                                                                                               (2) 
𝜔𝑝 denotes the plasma frequency, 𝜔 the wavelength of excitation, 𝜏  represents the electron–
hole pair scattering time and 𝜀∞ the core polarizability. Several complimentary models have been 
proposed to account for electron-phonon, electron-electron, and electron-impurity collisions58, or 
even additional effects as grain-boundary scattering for polycrystalline films59, and the details of 
the electronic density of states for alloys. 
At higher energies where the interband threshold of the noble-metals are overcome, 
momentum-conserving transitions from near the top of the d bands to the sp band at the point 
where it crosses EF take place. Because the d bands are nearly flat, their contribution to the joint 
density of states, which are coupled by optical transitions near EF, is large and dominates the 
complex dielectric function (𝜀 = 𝜀1 + 𝑖𝜀2)
60. 
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One way to tune the materials’ dielectric function, and consequently, their optical properties is 
by alloying. For noble-metals, the dielectric constants not only have a heavy impact in the light 
absorption, but also as a consequence, control the surface plasmon propagation in thin films. While 
𝜀1 can be considered to control the resonant frequency, the 𝜀2 controls the loss of a LSPR. The 
strength or quality of a LSPR is a function of both parameters61. Researchers have shown that these 
constants can be tailored by tuning the composition fraction between two metals62. Figure 5 shows 
the measured real and imaginary parts of the dielectric function for noble alloyed metals thin films.  
 
Figure 5. Measured dielectric function of noble metal alloyed thin films with variable 
composition. (Reprinted with permission from Gond and Leite, 2016. Copyright 2016 American 
Chemical Society). 
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In the case of transitions metals and noble-transition metals alloys, interband transitions can 
occur at very low photon energies, depending on the separation between the coupled bands at the 
Fermi surface crossings60. In this case, the materials have both d and sp bands partially filled, 
which makes interband transitions more complex than in pure noble metals63. Above the interband 
threshold, the dielectric function exhibits additional structure that reflects the joint DOS in dipole-
mediated optical transitions64. Since multiple d bands can participate as the initial and final states, 
a complex carrier distribution is most likely to be generated under photoexcitation.  Additional 
complications arise from the spin-orbit splitting of the d bands that are responsible for separate 
excitation pathways for electrons with the majority and minority spins65. 
Electronic Properties 
The optical properties of a material are directly related to its electronic structure66. Coupling the 
optical properties with the electronic density of states (EDOS) information of a material, one can 
understand how the material responds under certain circumstances.  
While noble metals have been extensively explored for generating hot carriers via interband 
transitions with ultraviolet and visible light21,67, NIR photons do not have enough energy to 
overcome their interband energy threshold (IET)21.  Intraband- and plasmon-driven hot-carrier 
generation can occur at these lower excitation energies if additional momentum is provided to the 
excited electron 10,67,68. While there is a debate in the theory community10,14 on the efficacy of 
interband transitions for hot-carrier applications, recent experimental reports by Minutella et al. 
and Zhao et al. showed that optical excitation of Au nanoparticles above the IET was more 
effective in generating hot carriers than plasmon excitation alone12,13. Furthermore, the hot-carrier 
excitation above the IET had longer electron-phonon relaxation times12 and exhibit higher 
reactivity13 as compared to those generated purely by LSPR12. Based on this background, here, it 
is investigated materials that undergo interband transitions in the near-infrared. 
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Alloys have a long history of providing unique physical properties which are not present in 
their constituent elements69. Therefore, one possible route to improving the efficiency of hot-
carrier generation in noble metals at near-infrared wavelengths is to shift their EDOS closer to the 
Fermi level by alloying. A recent theoretical paper by Gong and Munday70 (2015) shows how 
alloying some metals would shift their EDOS, as shown in Figure 6.  
 
Figure 6. The EDOS for common plasmonic materials: Ag, Al, Au and Cu and their alloys. 
(Adapted ad reprinted with permission from Gong and Munday, 2015. Copyright 2015 The 
Optical Society of America). 
Modulating the EDOS will provide tunability of the optical response, and consequently, shift 
the hot-carrier generation to energies near Fermi level10,71. Equation 3 shows how the hot-carrier 
distribution is related to the EDOS upon photoexcitation with energy 𝐸𝑝ℎ
70.  
𝑃(𝐸) ∝ 𝐷𝑂𝑆(𝐸 − 𝐸𝑝ℎ)𝑓(𝐸 − 𝐸𝑝ℎ)𝐷𝑂𝑆(𝐸)(1 − 𝑓(𝐸))                                                                 (3) 
Where 𝑃(𝐸) is the probability of an electron in the Fermi gas to be promoted from the initial 
energy state (𝐸 − 𝐸𝑝ℎ) to a higher energy state (𝐸). This hot-carrier generation probability is 
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proportional to the product of the densities of states (𝐷𝑂𝑆) at the initial and final energies, and 
their respective distribution functions (𝑓).  
Valenti et al. (2017)21, Gong and Leite (2016)22 and Gong and Munday (2015)70 report that 
alloying noble metals can achieve a tunable optical and electronic response at other frequencies 
than only visible light. By alloying Au and Ag, the interband energy threshold shifts to higher 
energies (lower wavelengths) than pure Au or Ag. This shift increases the visible-light-induced 
intraband excitations, which results in higher hot electron energies21. Therefore, this does not shift 
the EDOS closer to Fermi level but provides the generation of more energetic carriers under the 
same illumination. This could be beneficial for an application that requires injection into a 
semiconductor, for example. In this case, a higher number of electrons would have enough energy 
to overcome the Schottky barrier (metal-semiconductor) than pure Au or Ag. At the same time, 
varying the composition of alloys changes their dielectric function. This changing is a result of 
modifying both the strength of the polarization induced by an external electric field and the losses 
in the material due to absorption depending on the wavelength range of interest when alloyed22.  
Following this background, herein it is described how alloying a transition metal with a noble 
metal can couple oxidation resistance, longer carrier lifetime and favorable band structure for NIR. 
Figure 6 illustrates how alloying modifies the EDOS and, consequently, the hot-carrier distribution 
under the same illumination energy. While gold can provide longer carrier lifetime and absence of 
oxidation, a transition metal, as palladium72, adds the required band structure for favorable 
interband transition in this specific region73, as shown in the Figure 7. 
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Figure 7. Noble-transition alloys enables tunability of d-band position and carrier lifetime for NIR.  
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CHAPTER 2. NEAR- INFRARED OPTOELECTRONICS 
Optoelectronic devices have the functionality of transforming light into electricity (or vice 
versa) which are found in a wide variety of application areas, as the remarkable optical fiber 
communication. One of the main keys for optical communication performance is the photodetector 
component of the system. 
An optoelectronic photodetector which transforms an optical signal into an electrical signal 
can have its electrical response evaluated by a single figure of merit, the responsivity (R). This 
metric is the output response, current (amperes) or voltage (volts), divided by the incident light 
power (watts) under a certain wavelength. The responsibility can be translated into external 
quantum efficiency (EQE). The external quantum efficiency is defined as the ratio between the 
number of photogenerated carriers collected over the number of incident photons. Other figures of 
merit are the response time, noise equivalent power (NEP), dark current and detectivity (D*)74. 
The response time will dictate if the photodetector has a fast response. While the NEP gives the 
sensitivity - the minimum optical power that a detector can distinguish. An important comparison 
is how the device responds under no light excitation. The output signal under absence of light is 
the dark current. Finally, the more complex parameter is the detectivity. Differently from all other 
metrics, it accounts for device area and bandwidth, allowing comparison between different groups 
of devices. Based on this metric, an efficient photodetector should have a high responsivity at its 
designed operation wavelength, a fast response time, a high sensitivity and detectivity and a low 
dark current. To accomplish this ideal performance, researchers have focused on combining 
different types of materials38,75–77, and innovating in devices design38. Where the first fabrication 
criteria to be considered is the integration between optical and electronic properties.  
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The most limiting factor of integration on optical and electronic circuits has been size 
incompatibility. Although electronic circuits can be fabricated at dimensions below 100 nm, the 
wavelength of light used in photonics circuits is on the order of 1000 nm.  When the dimensions 
of an optical component become close to the wavelength of light, the propagation of light is 
obstructed by optical diffraction. Then, dictating the minimum size of optical structures, as lenses, 
fibers, and optically integrated circuits78. Silicon-based optoelectronic devices are widely used to 
integrate optical and electrical properties in a single device5. However, while silicon is an ideal 
material for application in ultra-violet and visible light regions, due to the band gap of 1.12 eV, Si-
based photodetectors generally fail to be effective in the near-infrared spectral region beyond 1.2 
𝜇m, limiting their use in many applications that require this range sensitivity74,79. Wavelengths 
equal and higher than 1.2 𝜇m, provide photon energy of only 1.03 eV or less, therefore not having 
enough energy to excite the carriers from the valence to the conduction band of silicon.  An 
attractive route to extend the response of Si-based photodiodes into the NIR region is the 
heterojunction created between a metal and Si, known as Schottky barrier. 
Schottky Junctions 
The contact between a metal and a semiconductor creates a so-called Schottky barrier, which 
requires less energy for the carrier to be injected33. This happens because when a metal and a 
semiconductor interface are in contact, their Fermi level aligns, and now, instead of the energy of 
the incident photon must be higher than the band gap of the semiconductor to produce current, the 
energy will depend on the Schottky barrier height, as shown in Figure 8. This parameter is 
calculated subtracting the metal work function from the vacuum electron affinity (or vacuum 
ionization energy) of the semiconductor (𝜙𝑚 − 𝜒), and is around half of the semiconductor band 
gap. In this way, it is possible to fabricate photodetectors that can extend the spectral response 
range from visible to infrared wavelengths. 
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Figure 8. Schottky junction formation. Top: the Fermi levels of a metal and a semiconductor 
differ. Center: when the semiconductor and the metal surface are brought into electrical contact, 
electron transfer between the materials is enabled. The work done in removing an electron from 
one material and placing it in the other is equal to the energy difference in the Fermi levels. 
Consequently, energy is released upon contact by electron transference from the material with 
the higher Fermi level to the material with the lower Fermi level. This charge transfer continues 
until the electrical charge difference means the energy gain from transfer is countered by the 
electrical work required against the charge difference. Bottom: at this point the two Fermi levels 
are brought into coincidence at a common level EF and no further charge transfer occurs. This 
flat Fermi level situation corresponds to thermal equilibrium, and no net current flows once 
equilibrium is reached. 
In this type of junction, current flow can happen in two directions: from the semiconductor to 
the metal, or from the metal to the semiconductor. This process can be controlled choosing the 
side of the junction that is going to be excited by radiation: the metal- or the semiconductor-side, 
along with the semiconductor properties (band gap, doping), materials thickness, and the 
wavelength of excitation. For example, if the junction is designed to inject electrons from the metal 
to the semiconductor upon NIR wavelength (1550 nm) excitation, if slightly doped n-type silicon 
is used which is transparent at this wavelength, no counter flow is going to occur.  Another way to 
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control or optimize net current flow is making use of bias. Forward and reverse bias can tunnel the 
current flow in a specific direction as desired. 
Forward and Reverse Bias 
Schottky junctions can operate under forward and reverse bias.  For a metal/n-type SC junction, 
under forward (positive) bias, the Fermi energy of the metal is lowered with respect to the Fermi 
energy in the semiconductor (Figure 9, left side – middle). While for a metal/p-type SC junction, 
the Fermi level of the metal is raised above the Fermi level in the semiconductor (Figure 9, right 
side – middle). In both cases, the forward bias lowers the potential drop across the depletion layer 
to a value 𝜑𝑏𝑖 − 𝑉𝐹 and increases carrier current from the semiconductor to the metal. In contrast 
to the lowered barrier on the semiconductor side, the alignment of the metal Fermi level relative 
to the semiconductor band edges at the interface is not changed by the bias: that is, 𝜑𝐵 is fixed by 
the processes involved in adjusting the Fermi levels to achieve equilibrium at zero applied bias. 
That fixed alignment means the barrier for carrier injection from the metal into the semiconductor 
is not changed by an applied bias, and the injected carrier current from the metal remains the same 
as at zero bias (Figure 9, top). As a reverse (negative) bias is applied, the Fermi level of the metal 
is lowered below that of the p-type semiconductor (Figure 9, right side – bottom) or the Fermi 
energy of the metal is raised with respect to the Fermi energy in the n-type semiconductor (Figure 
9, left side – bottom). In both cases, the potential across the semiconductor increases, yielding a 
larger depletion region and a larger electric field at the interface. The barrier, which restricts the 
electrons to the metal, is unchanged so that barrier, independent of the applied voltage, limits the 
flow of electrons.  At a dark mode (i.e. no light excitation), a large current exists under forward 
bias, while almost no current exists under reverse bias. 
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Figure 9. Schottky junction under bias conditions. 
Current NIR Photodetectors 
Although the use of Schottky junctions have been growing for near infrared photodetection, 
III-V semiconductor material-based near infrared photodetectors still have been dominating the 
industry78. Common choices of III-V materials are InGaAs, Ge, and graphene, because the spectral 
photosensitivity of these materials correlates well with the NIR wavelength range48,74,80. While 
InGaAs shows faster response time and a higher absorption coefficient, Ge is a more compatible 
material for CMOS technology78,81. Still, Ge has its own limitation, high surface recombination of 
carriers that decreases the responsivity, and a large lattice mismatch with Si, which makes it 
complicated to integrate with Si-based electronics77,82,83. In contrast, graphene has a gapless energy 
dispersion allowing electron-hole pairs to be generated by light over a broad bandwidth. However, 
it has a low absorption coefficient for NIR and a short carrier lifetime48,74. More complex materials 
as 2D MoS2/Black Phosphorus
84, PbS Colloidal Quantum Dot76 and Perovskite-Erbium Silicate 
Nanosheet85 have also been used in NIR photodetection. While all these materials are CMOS 
compatible, they still have their own limitation. The MoS2
84- and Perovskite85-based PD have 
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responsivity very low compared to current Ge-commercial PD even when bias is applied, and the 
PbS-based has no significant response on wavelengths above 1.5 𝜇m which excludes the telecom 
1550 nm wavelength. That said, over all the materials being studied nowadays, all them have their 
particular limitation, what cries for new materials discovery, different materials combination, 
geometry improvements, and low-cost techniques development. 
As mentioned, and discussed in the previous chapter, a noble-transition metal can overcome 
the limitation barriers of hot-carrier generation in the near-infrared. Now, coupling this material 
into a Schottky barrier, here it is shown how an Aux-Pd1-x photodetector is fabricated following 
well-established fabrication techniques for near-infrared photodetection. A grating geometry is 
chosen to allow comparison between plasmonic effects and no-plasmonic effects, as shown in 
Figure 10. The gratings are embedded into the silicon substrate to improve the hot-carrier 
injection38, and p-type silicon is chosen to design the device for hot-holes current driven. 
 
Figure 10.  E-beam photodetector. Activated area dimension (a), SEM image of the gratings 
(b) and schematic of the device (c). 
  
 26 
CHAPTER 3. MATERIALS AND METHODS 
Aux-Pd1-x Alloy Thin Films Fabrication 
We fabricated all metal-alloy thin films were by the thermal co-evaporation of single metals, at 
room temperature and 10-9 Torr base pressure (10-7-10-8 Torr working pressure depending on 
deposition rate), with deposition rates between 0.5 and 5.0 Å/s. All samples, except those used on 
ultrafast pump probe transient absorption spectroscopy (TAS) measurements, were 50 nm thick 
and deposited on 1×1 cm2 Si(100) substrates. We used 50 nm thick films because they were 
optically thick for ellipsometry measurements and allowed us to safely sputter the films (required 
for ultraviolet photoelectrons spectroscopy (UPS) measurements without etching into the 
underlying Si substrate. We cleaned the silicon substrates with the following RCA clean recipe: 
we preheated an ultrasonicator bath to 45°C while we mixed a solution of 20 mL H2O2, 4 mL 
NH4OH, and 100 mL distilled water (RCA solution) in an Erlenmeyer flask. We then heated the 
RCA solution to 45°C, and placed a dish with a few substrates in the ultrasonicator. Next, we 
poured the RCA solution into the dish. The dish was ultrasonicated at 35 kHz for five minutes, and 
then an additional five minutes at 133 kHz. We then rinsed the substrates several times with 18.2 
MΩ type 1 deionized (DI) water and dried them in an N2 stream. Immediately prior to loading the 
substrates into the vacuum chamber, we dipped the Si substrates into a 10% HF solution for ~10 s 
to remove the native silicon oxide. For all TAS measurements, the samples were 5 nm thick and 
deposited on double-side-polished 0.5 mm thick Z-cut quartz substrates. We used 5 nm thick films 
to maximize the transmission response for both middle-infrared (MIR) and terahertz (THz) TAS 
experiments. We cleaned the quartz substrates by ultrasonication in an aqueous solution of 5% 
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Composition Determination 
We determined the compositions of the metal alloy thin films using inductively coupled plasma 
optical emission spectroscopy (ICP-OES) or x-ray photoelectron spectroscopy (XPS). For 
correlating alloy composition with bulk measurements, we quantified composition of the films 
with a PerkinElmer Optima 8000 Optical Emission Spectrometer (OES) within an inductively 
coupled plasma (ICP) as heat source. Samples for OES measurement were digested in 10 ml Aqua 
Regia and the resulting solution was diluted with 40 ml of DI water. Metal standards (Au, Pd) were 
purchased from BDH (VWR Analytical) and diluted to the measurable range with a similar 
HCl/HNO3 acid matrix as the experimental solutions. The linear fit of each standard was > 0.9999 
across a concentration range spanning 3 orders of magnitude. For correlating the alloy composition 
with surface sensitive measurements, such as UPS, we report the alloy composition based on XPS 
data. We used CASA software to qualitatively model the XPS data. Moreover, for purpose of not 
destroying the samples, we determined the compositions of the 5 nm thick samples used for 
ultrafast pump probe spectroscopy by XPS/CASA.  
Ultraviolet Photoelectrons Spectroscopy (UPS) and X-ray photoelectrons spectroscopy 
measurements (XPS) measurements 
All photoelectron measurements  were conducted at the 5-meter toroidal grating monochromator 
(5m-TGM) beamline at Center for Advanced Microstructures and Devices (CAMD) at Louisiana 
State University and this instrument is described in detail elsewhere 86. The beamline is equipped 
with a photoemission end station utilizing an Omicron EA125 hemispherical electron energy 
analyzer with five channel detector and dual Mg/Al X-ray source. We collected UPS spectra with 
a constant pass energy of 10 eV, at a photon energy of 54 eV (higher than 40 eV to the excited 
valence band electron resemble the EDOS), and ultra-high vacuum with a pressure of 10−10 mbar.  
All UPS spectra were collected in normal emission geometry with a 45° incident angle to the 
surface normal. The binding energies are referenced with respect to the Fermi level of gold sample. 
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The surface of the samples was cleaned with ion sputtering (1keV, Ne+ for 10 minutes) for 10 
minutes before photoemission measurements. We measured XPS on the same sample in the same 
vacuum chamber immediately following the UPS measurement. We collected the XPS spectra in 
constant pass energy mode with pass energies of 20 eV. 
Ellipsometry Measurements 
We used a J.A. Woollam  RC2  variable-angle  spectroscopic  ellipsometer to measure the Ψ and 
Δ values for the optically thick 50 nm pure Au, Pd and AuxPd1-x alloys films. Ψ and Δ values were 
collected over a wavelength range of 210 to 2500 nm, with incidence angles of 60, 65 and 70 
degrees. We determined the complex  dielectric   function for Au, Pd and the alloys by fitting the 
data to a two-layer (air-metal) Kramers-Kronig valid  B-splines 87 model using the CompleteEASE 
software package. 
AFM Scans 
 To measure the roughness of the 5 nm alloy films we used a Dimension 3100 Nanoscope IIIa 
atomic force microscope (AFM) with a Bruker ScanAsyst-Air tip. We performed roughness 
calculations in Gwyddion software. 
TEM-SAED Patterns 
 To capture the selected area electron diffraction (SAED) patterns we used a JEOL JEM-2011 
transmission electron microscope (TEM). 20 nm thick SiO2 TEM grids from 
www.temwindows.com were used as the support.  
Calculated EDOS and Hot-carrier Distribution 
The simulation results are based on the electronic-structure method of Korringa, Kohn and 
Rostoker88–92 in combination with the Coherent-Potential Approximation (KKR-CPA)88–90 to 
handle the chemical and magnetic disorder effects on an equal footing with the electronic structure. 
For these calculations, we modeled the potentials within the Atomic Sphere Approximation 
(ASA), including a maximum angular momentum of L-=6 for the spherical basis93, and the 
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Perdew, Burke & Ernzerhof SOL generalized gradient functional94 was employed for the density 
functional theory (DFT).  For the k-space integration, the special k-point integration technique95,96 
was used on a 12x12x12 and a 18x18x18 Monkhorst-Pack mesh97.  Because the Green function 
for the system is determined on a semi-circular energy contour, two k-meshes are used.  The 
semicircular energy contour contains 20 energy points, where the first starting point is in a region 
where there are no electronic states (an energy gap exists between core-states and valence), in this 
region the reduced 12x12x12 grid.  As the energy grid is traversed, when the energy points are 
within 0.25 Ryds. From the top of the contour a denser 18x18x18 k-point mesh is used since there 
are states near the top of the contour (Fermi level) increasing the structure in the Green function 
where it is becoming more singular.  The ground-state volumes were determined by calculating 
the total energy at 9 different lattice constants and the fitting to the Birch–Murnaghan equation of 
state to obtain the ground-state volume98,99.  Once the ground-state volume is obtained the 
electronic density of states is determined via calculating the Green function on an energy grid 
parallel to the real energy axis but with a 0.003 Ryd. in the complex energy plane.  The joint 
electronic density of states (JDOS) can be directly obtained from the electronic density of states. 
For the hot-carrier distribution, Equation 1 was applied, replacing the product of the densities of 
states at the initial and final energies by the JDOS, and coupling with their respective distribution 
function. 
TAS Probed at THz 
We investigated the change in conductivity in 5 nm thick AuxPd1-x alloys upon 1550 nm 
excitation using time-resolved THz spectroscopy (TRTS) in transmission geometry. All films were 
deposited on Z-cut quartz to avoid THz absorption by the substrate. TRTS was performed with a 
regeneratively amplified Ti: Sapphire laser (Coherent Libra, 800 nm, 1 kHz, 50 fs pulse duration) 
coupled to a home-built spectrometer.  The sample was excited with a 1550 nm pump using an 
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optical parametric amplifier.  Broadband terahertz radiation (0.2 – 2 THz) was generated and 
detected using ZnTe nonlinear crystals. The change in transmission upon chopped photoexcitation 
was normalized by the non-photoexcited signal to determine ΔT/T. More details on the THz setup 
can be found elsewhere100–102. The 1550 nm pump and THz probe spot size were measured using 
a translating razor blade by recording the transmitted power as a function of translated distance. 
An error function was used to extract the pump and probe spot size at the sample position. The 
pump and probe spot size were 0.36 cm and 0.2 cm, respectively. For all the THz measurements 








TAS Probed at MIR 
MIR transient absorption was performed on 5 nm alloys on quartz in a nitrogen purged 
environment in transmission geometry. Pump (1550 nm) and probe pulses (3000-3450 nm) were 
generated from the output of a 2 kHz 30 fs Ti:sapphire laser (Spectraphysics) using separate optical 
parametric amplifiers. The pump beam was mechanically chopped at 1 kHz to enable pump on 
and pump off signals. The 2 kHz probe beam was directed through the sample into a spectrometer 
on to a mercury cadmium telluride array detector. Pump and probe beams were spatially 
overlapped at the sample position and the transient absorption spectrum was calculated from the 
pump on signal minus the pump off signal. The spot size was estimated using a 150 micron pinhole; 
power was measured with a blackbody detector. 
Large Area Photodetector Fabrication  
In order to fabricate the photodetector device, several nanolithography techniques were used to 
achieve the proposed design. Figure 11 describes the sequential steps required for fabrication, and 
Table 2 summaries the recipe and equipment for each nanofabrication step. N-type silicon 
substrates, 1x1 cm2, with orientation <100>, and with a thin layer on top of 50 nm Si3N4 were used 
for fabricating the devices. In the 11o step, a lithography mask containing four holes of 2 mm2 each 
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was used on top of the sample during indium tin oxide (ITO) sputtering. In this way, the 1x1 cm2 
sample became four separated devices of 3.14 mm2 each.  
 
 
Table 2.  Photodetector Fabrication Steps Description. 











flow system  
Needle tip flow method59 
 PS solution (𝑑𝑠𝑝ℎ𝑒𝑟𝑒𝑠 = 550 𝑛𝑚) 
3 PS Shrunk 
ICP-DRIE 
4.5 mins, 40 mTorr, 50 W, 3 sccm O2, 
30 sccm N2 
UV Ozone 25 mins, 20 L/min O2 
4 
Thermal Evaporation of 
Cr 
PVD system 20 nm Cr @ 10-8Torr, 5 A/s 
5 PS Lift off Sonicator 10 mins on Toluene 
6 Si3N4 Etching ICP-DRIE 
11 mins and 44 secs, 10 mTorr, 20 W, 
35 sccm CF4, 5 sccm N2 
7 
Cr Removal Sonicator 
5 mins on Cr Etchant (50 g 
ammonium cerium (IV) nitrate +12 g 
acetic acid in 250 mL H2O) 
Cleaning + Dry Manual 5 mins on IPA + N2 
8 
Si Etching Sonicator 30%wt. KOH at 60oC 
Cleaning Sonicator RCA58 
9 Au Thermal Evaporation PVD system 30 nm Au @ 10-8Torr, 1 A/s 
10 Template Stripping Manual Scotch Tape 
11 ITO Sputtering PVD system 
15 mins, 7 mTorr (WP), 25 W, 31.08 
sccm Ar, 1.554 sccm O2 






Figure 11. Photodetector Fabrication Steps. 
Large Area Photodetector Electrical Measurements 
For evaluating the response of the device, electrical measurements were performed using a low-
level optical detection system to measure the current generated by the device under a specific laser 
wavelength. The system includes a XE25C7 optical enclosure, a ML925C45 laser diode (1500 
nm), a TCLDM9 laser diode mount, a LDC200C laser diode controller and an optical chopper 
MC2000B from Thorlabs, a MFLI lock-in amplifier from Zurich Instruments, two K-probes and 
two BNC cables, as shown in Figure 12. The power of the laser was measured at the same place 
that the sample was mounted by a multi-power meter (S122C + PM100USB) from Thorlabs. 
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Figure 12. Large area photodetector current measurement setup. 
E-beam Photodetector Fabrication  
The photodetectors were patterned using electron beam (E-beam) lithography (step 1 to 3 in 
Figure 13) onto <100> boron-doped silicon wafers (Resist: polymethyl methacrylate (PMMA) 
AR-P 672.02 at 1550 rpm, Developer: Methyl isobutyl ketone (MIBK):isopropyl alcohol (IPA) 
1:3, 60 s). To embedded the E-beam patterns into the silicon, dry etching was used (step 4) with 
the following recipe: 35 sccm CF4 at 75 mTorr, 200W and 20
o Celsius. Afterward, the native oxide 
layer was etched away from the patterned area through the resist mask by using a 10% hydrofluoric 
acid (HF) solution for 15 s. Then the sample was immediately transferred to the evaporation 
chamber. Metals were deposited by thermal evaporation at <5 × 10−8 Torr (step 5). Lift-off was 
done by soaking in acetone overnight and rinsing with IPA (step 6). Finally, at one end of the 
photocurrent circuit, 30 nm thick Au was evaporated at the back side of the sample (step 7) to form 
a large ohmic ground connection to the p-type silicon substrate.  
 34 
 
Figure 13. E-beam photodetector fabrication steps.  
E-beam Photodetector Optical Characterization 
The photodetector contact pads, top Au pad and bottom Au layer, were probed using a 7A 
tungsten fine probe tip from Micromanipulator and a Kelvin probe from Accuprobe, respectively. 
The photocurrent responsivities were obtained using a customized photocurrent microscope 
(Nikon Eclipse LV100). Each device was illuminated at normal incidence by a 1550 nm laser 
photodiode (ML925C45F) connected to the microscope through an optical fiber cable (model). 
For alignment of the laser diode with the optical fiber cable the following optics were used: laser 
diode mount (TCLDM9), aspheric lens (C230TMD-C) and a fiber collimation package 
(F260SMA) adapter (AD11F), optical fiber cable (M96L01), z-stage (SM1NR05), all from 
Thorlabs. The photocurrent was measured by modulating the laser source via internal RF 
modulation through a sine wave input signal sent through the Lock-in amplifier (MFLI, Zurich 
Instruments) which was also used to collect the output signal. The center of each array was 
illuminated with the laser spot (∼20 μm) focused by a reflective objective (Nikon, 20×, 0.45A).  
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JCM Simulations 
The geometry of the E-beam photodetectors was determined according to results from the 
JCM simulations. From the finite element solver for the computation of electromagnetic waves in 
complex nano-optical systems, we were able to optimize absorption by varying the metal gratings 






CHAPTER 4. RESULTS AND DISCUSSION 
Noble-Transition Alloys for NIR 
Alloys have a long history of providing unique physical properties which are not present in their 
constituent elements69. The first step in understanding these properties is to measure the electronic 
structure of the alloy. The optical properties of a material are directly related to its electronic 
structure66. Figure 14 shows the imaginary (a) and real part (b) of the dielectric function for co-
evaporated 50 nm thick AuxPd1-x alloy films and their respective pure metals obtained by 
ellipsometry measurements (solid lines) spanning ultraviolet to NIR wavelengths, and also 
calculated alloys’ dielectric constants as a linear combination from the pure metals’ constants (dot 
lines). 
 
Figure 14. Calculated and experimental dielectric constants. Experimental (solid) (a) real and (b) 
imaginary permittivity values for 50 nm thick Au, Pd, and AuxPd1-x films. Dashed lines are 
predicted real and imaginary permittivity values for the alloys based on weighted linear 
combinations of the pure metals.  Notice that the dashed lines do not follow the measured 
permittivity values. 
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In the NIR ε2(ω) for Au films is determined by intraband transitions only, since the IET for Au 
is ~2.3 eV (539 nm), while Pd exhibits both intraband and interband transitions in the NIR. This 
difference in allowable transitions is notable in the imaginary part, where pure Pd exhibit higher 
losses compared to Au and the alloys.  Increasing the Pd fraction in the alloy increases both the 
real and imaginary components of ε(ω), but a simple linear combination of ε(ω) for pure Au and 
Pd does not reproduce the ε(ω) plots for the alloys, as shown in the dot lines in Figure 14. 
This non-simple mixing of the pure Au and Pd optical properties in the AuxPd1-x alloy is 
indicative of hybridization of the Au and Pd band structure, as was reported by Nascent et al. and 
others29,30,103.  To verify the phase behavior of our AuxPd1-x alloy films, grazing incidence x-ray 
diffraction (GIXRD) spectrum is shown in Figure 15. The GIXRD patterns confirm that our thin-
film AuxPd1-x alloys are indeed single phase, i.e., a true alloy. Figure 15 also shows that all samples 
are polycrystalline fcc, and from top to bottom, we see how the Bragg peaks shift to smaller 
spacings as we add the smaller atom Pd into the Au lattice. As predicted by Vegard's law, the 
lattice constant of the alloys falls between the lattice constant of the pure metals104. Using JADE 
software, an average lattice constant for each sample was calculated from the GIXRD pattern. Pure 
Au and Pd thin films have lattice constants of 4.07 and 3.88 ?̇?, respectively, which agrees with 
previously reported values105. The alloys lattice constants are 4.052, 4.051 and 3.979 ?̇? for 
Au95Pd5, Au91Pd9 and Au66Pd34, respectively.  
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Figure 15.  Optical and structural properties of Au, Pd, and AuxPd1-x alloy films. Grazing incidence 
x-ray diffraction patterns showing that the AuxPd1-x alloy is a homogenous fcc phase. 
To better understand the electronic structure of the AuxPd1-x alloy films and how it differs from 
the pure metals, the EDOS for the pure metals and various alloy compositions was calculated by 
DFT simulations and measured using synchrotron-radiation-based UPS (Figure 16).  
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Figure 16.  Electronic density of states (EDOS) for Au, Pd, and AuxPd1-x alloy films. Calculated 
(a) and measured (b) by ultraviolet photoelectron spectroscopy. Increasing Pd fraction shifts the 
EDOS towards the Fermi energy (EF). Insets: zoom-in of the NIR region.  
Pure Au has a low EDOS within 1.5 eV of EF (grey highlighted region) while Pd has 
significantly more states in this region. This difference in EDOS is due to fundamental 
dissimilarities in the Au and Pd band structures. The Au 5d5/2 and the Au 5d3/2 bands are located 
~2.5 eV and ~6 eV below EF, respectively. Within 1.5 eV of EF Au has free-electron 6sp bands 
which result in a low EDOS.  Pd has a localized 4d band within 1.5 eV of EF providing a larger 
EDOS for NIR excited interband transitions. Upon alloying Au with only 2% Pd the measured 
EDOS (inset of Fig. 2) at 1550 nm (~0.8 eV) increases by 1.5-fold. Further addition of Pd, up to 
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energy. As we increased the Pd fraction in the alloy, the Au 5d5/2 smears whereas the Au 5d3/2 band 
does not. This smearing of the Au 5d5/2 band is due to hybridization with the Pd 4d band and is 
consistent with the literature 106. Our experimentally measured EDOS agree well with values we 
calculated using the self-consistent potentials within the KKR-CPA scheme (Figure 16a). 
Comparing the calculated (Figure 16a) and the experimental EDOS (Figure 16b), the later exhibits 
smoother features than the ones from the simulation. There are several reasons that cause this, the 
main ones are described next. First, due to the limited resolution of the beamline and analyzer. 
Second, the UPS spectra were acquired after sputtering the surface without further annealing. 
Sputtering damages the surface and, therefore, its crystal structure. Post annealing was avoided 
since once the film was annealed, it ended up oxidizing the surface and also showing silicide 
formation. Last, due to surface contamination and inhomogeneity. Even after sputtering the 
sample, there is still a trace of carbon and oxygen on the surface. Also, size distribution (pinholes) 
in the film structure can broad the UPS features. 
To better understand Au and Pd band hybridization upon alloying, the partial EDOS using the 
KKR-CPA scheme was calculated. Figure 17 (a-d) shows the calculated partial EDOS within 1.5 
eV of EF for the pure metals and two alloy compositions, 5 and 30% Pd, respectively.  In pure Pd, 
the 4d band (green-solid line) is the predominant source of electronic states (Figure 17a) and 
intersects EF due to the 4d-sp hybridization
107. Au exhibits strong 5d-6sp hybridization near EF, 
which is known to contribute to its excellent stability in air108. While the Au 5d5/2 band (green-
solid line) in Figure 17b would appear to provide interband transitions near EF, strong 5d-6sp 
hybridization in Au makes these transitions intraband108. For the alloys, we plotted the calculated 
partial d bands in Figure 17c and 17d. As we included more Pd, the d-band center shifts and smears 
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due to more disordered sites in the unit cell. We did not include the sp bands in Figure 17 (c-d) 
since they had negligible contributions to the total EDOS.  
 
Figure 17.  Calculated partial electronic density of states (EDOS) for Au, Pd, and AuxPd1-x alloys.  
(a) Pd, (b) Au, (c) Au95Pd5, (d) Au70Pd30 total (black line), partial Au d-band (solid-green line), 
and Pd d-band (dashed-green line), EDOS in the range from Fermi energy (EF) to -1.5 eV. The sp 
bands were left out of (c,d) since they had negligible contributions to the total EDOS. 
An alloy with 5% Pd shows an increase in the EDOS at 1 eV below EF, compared to pure Au. 
This increase in the EDOS is primarily due to contributions from the Pd 4d band (dashed-green 
line) with a small addition from the Au 5d5/2 band. However, at higher Pd fractions the 
contributions to the EDOS are more evenly split between both the Au 5d5/2 and Pd 4d bands.  At 
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30% Pd (Figure 17d) the Au 5d5/2 band (solid-green line) shows considerable smearing and shifts 
toward EF. This shift and smearing are due to strong hybridization with the Pd 4d band
30,103. 
XPS data (Figure 18) further supports the hybridization of the Au 5d5/2 and Pd 4d bands by 
showing core-level shifts for Au 4f  (both 5/2 and 7/2) and Pd 3d3/2 which indicate a redistribution 
of the valence electrons for participating atoms29,109. The Pd 3d5/2 core level peak (CLP) was not 
considered because it overlaps the Au 4d5/2 peak. The core level shift indicates a redistribution of 
valence electrons of participating atoms109. When an atom gains electrons, or an atom is bonded 
to less electronegative atoms, the electrons have more screening effect and require less energy to 
be extracted, leading to CLP shifts to lower binding energies (negative shift)110,111. Both the Au 
and the Pd CLP shifts are negative for the alloys. Although it seems unusual due to the charge 
neutrality expected in metal alloys, where one metal would have a negative shift and the another 
would have a positive shift, this phenomenon on Au-Pd was already observed by other 
authors29,103,112. They found that Au gains sp-type charges and loses d-charges, while Pd loses sp 
and gradually fills the 4d states as Pd is diluted. This net charge transfer from Pd to Au sites is very 
small due to the back donation of d-electrons to the Pd site. In addition, there is a Pd imaginary 
(short-lived) bound state due to a weak hybridization in the Pd diluted alloys103. The XPS data also 
confirms that the features in the experimental EDOS are exclusively due to Au and Pd metallic 
contribution since the core-level shifts do not indicate the presence of oxidation states. The position 
of Pd CLP on the pure Pd thin film spectra (the most vulnerable to oxidation) was analyzed. It can 
be seen that the Pd 3d5/2 CLP is located at 335.6 eV which is characteristic of Pd metal
113 (335.2 
eV), and not PdO114 (337.2 eV). This result indicates minimal or the complete absence of Pd 
oxidation. 
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Figure 18. X-ray Photoelectron Spectroscopy of Au, Pd, and AuxPd1-x films. (a) CLP shifting of 
Au 4f and (b) Pd 3d as Pd is added to Au. Both the Au and the Pd CLP shifts are negative for the 
alloys. 
The increase in the EDOS near EF for the AuxPd1-x alloys, as compared to pure Au, translates 
into more hot carriers under 1550 nm excitation, as shown in Figure 19. We calculated the hot-
carrier distribution using Equation 3 with the Fermi distribution function ( )f  at 300 K, and photon 
energy ( )phE of ~0.8 eV (1550 nm). We determined the joint density of states from the calculated 
EDOS (Figure 16a). 
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Figure 19. Hot-carrier distributions at 850, 1310 and 1550 nm for Au, Pd, and AuxPd1-x alloys.  
Hot hole (blue) and hot electron (red) distribution under: left column - 1550 nm, center column – 
1310 nm and right column – 1550 nm photoexcitation for pure Au, Pd and their alloys.  
Similar to previous reports by Munday et al. 70, excitation at ~0.8 eV (1550 nm) generates a 
flat distribution of both hot electrons and holes for Au. This nearly uniform response is because 
the EDOS is relatively flat (as for all noble metals) near EF, as is shown for the pure Au EDOS 
spectrum (purple line) in Figure 16. As the Pd fraction in the alloy increases the carrier distribution 
also increases, and favors hotter holes than electrons. Hotter holes are beneficial for hot-carrier 
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devices with metal/p-type semiconductor Schottky junctions115,116.  The results show a 20-fold 
increase in the number hot-holes 0.78 eV below EF, and a ~5-fold increase in the number hot-
electrons 0.78 eV above EF, for an Au50Pd50 alloy, as compared to Au. These hot holes have enough 
energy to inject over a Schottky barrier created between Pd or Au and a p-type Si contact ( bp = 
0.25 eV). Tanzid et al. recently demonstrated that a Pd-grating/p-type Si photodetector provided 
an order of magnitude more photocurrent than a similar design using an Au/p-type Si Schottky 
junction115. While not clearly stated in the paper, the increased number of hot holes in Pd, was 
most likely a factor in improving the photocurrent compared to the Au device. The larger number 
of 0.78 eV hot holes for the 1550 nm excited Au50Pd50 alloy may be attributed to Au-Pd d-band 
hybridization and resulting interband transitions. While interband transitions generate less 
energetic hot electrons than intraband and plasmonic transitions, they generate more energetic 
holes and in total a larger quantity of hot carriers (both electrons and holes) than pure Au under 
NIR excitation12. 
While increasing the number of hot carriers generated is important for improving the efficiency 
of NIR optoelectronic devices, maximizing their lifetime is essential for capturing these short-
lived carriers. The relaxation dynamics of the hot carriers as a function of alloy composition was 
measured by using ultrafast pump-probe spectroscopy in a transmission configuration. The 
previously studied 50 nm films were too thick for transmission work. Therefore, thermally co-
evaporated 5 nm thick films on Z-cut quartz substrates were used to allow transmission 
measurements. The 5 nm thick films are below the skin depth for Au and Pd and therefore allow 
us to neglect the ballistic diffusion of hot electrons117. Before performing the pump-probe 
measurements, it was verified that single-phase alloy formation was maintained at this film 
thickness. TEM-SAED patterns from 5 nm thick Au, Pd and Au50Pd50 alloy films on SiO2 TEM 
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grids are shown in Figure 20. The SAED results show that the Au50Pd50 alloy has a single fcc 
crystal structure with a lattice constant between the pure metals, as we reported for the thicker 
films in Figure 15. 
 
Figure 20. Transmission electron microscopy selected area electron diffraction patterns from 5 nm 
films. The SAED patterns show that Au50Pd50 is a true alloy with a lattice constant between pure 
Au and pure Pd. 
Furthermore, steady-state Fourier-transform infrared spectroscopy data (Figure 21) confirms the 
absence of surface plasmon resonances in the 5 nm films due to their ~0.4 nm root mean square 
roughness which was measured with atomic force microscopy (Figure 22). The absence of surface 
plasmon resonances in these thin films allows us to better understand the dynamics of interband 
and intraband transitions as a function of alloy composition.   
 
Figure 21. Transmittance spectrum of 5 nm Au, Pd, and AuxPd1-x films. 
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Figure 22. Atomic force microscope scan of 5 nm Au50Pd50 film. 
Optical pump – terahertz probe spectroscopy is an established technique for probing the different 
pathways which contribute to the energy relaxation of photoexcited carriers118. The carrier 
dynamics in the 5 nm films after a 1550 nm pump was studied by probing the temporal change in 
broadband THz transmission (Figure 23). 
 
Figure 23. Temporal dependence of the transient differential transmittance ΔT/T for Au, Pd, and 
AuxPd1-x films with 1550 nm pump and terahertz probe. 
                       
        
   
   
   
   
   









In general, an increase in terahertz transmission corresponds to a decrease in conductivity 118. 
Figure 23 shows a negligible change in conductivity upon photoexcitation of pure Au but positive 
offsets (negative photoconductivity) persisting for >10 ps for Pd and alloys. The increasing 
magnitude of the change in conductivity with the addition of Pd is believed to be due to increased 
electron-phonon scattering that arises from higher lattice temperatures upon thermalization of a 
higher density of hot carriers.  This experimental result agrees well with the calculated hot-carrier 
distributions in pure metals and the alloys shown in Figure 19. The rapid oscillations in THz signal 
within the first few picoseconds for the Au48Pd52, Au50Pd50 and Au66Pd34 films in Figure 23 are 
due to terahertz emission.  This was verified by measuring THz radiation from the films after a 
normal incidence 1550 nm pump and without a THz probe (Figure 24). THz emission took place 
within 1 to 2 ps after photoexcitation, which is on the same timescale as electron-phonon 
relaxation54,117. Therefore, a full assessment of the picosecond-scale carrier dynamics required 
additional complementary mid-infrared techniques.   
 
Figure 24. THz emission for Au, Pd, and AuxPd1-x films when photoexcited with 1550 nm pump. 
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To ultimately determine the effect that alloying has on hot-carrier lifetime, pump-probe transient 
transmission spectroscopy was performed with MIR probe pulses at 3000, 3200, and 3450 nm with 
a 1550 nm pump. Figure 25 shows the temporal difference in the transient differential 
transmittance, ΔT/T, with a 1550 pump and probed at 3450 nm. 
 
Figure 25. Temporal dependence of the transient differential transmittance, ΔT/T, for Au, Pd, and 
AuxPd1-x films with 1550 nm pump and mid-infrared probe. 
 All of the alloy films show a fast negative ΔT/T response within <500 fs of the pump, which is 
a signature of electron-electron scattering 117. This sharp decrease in ΔT/T was followed by a much 
slower increase in ΔT/T, which represents electron-phonon scattering events and ultimately, 
heating of the lattice117. The transient differential transmission data was modeled using a modified 
two-temperature model (TTM)117 to find the electron-phonon scattering time (Figure 26). 
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Figure 26. Two-temperature model fits (dashed) for the transient differential transmittance for Au, 
Pd, and AuxPd1-x films. 
The standardized residual plot (Figure 27) shows that the data are distributed normally - about 
95% of data points fall within 2σ around the fitted curve.  
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Figure 28 shows the quantitative results from the fitting model, i.e., the electron-phonon 
scattering times. In contrast to what previous authors 54 have found for noble-metal alloys, here it 
is shown that the relaxation of hot carriers in our AuxPd1-x alloys is modified from their pure metals.  
 
Figure 28. Calculated electron-phonon scattering times for AuxPd1-x alloys and pure metals 
extracted from TTM fits in Figure 26. 
As Au is added to Pd (right-to-left), the electron-phonon relaxation time increases to 1.2 ps for 
Au50Pd50 and reaches a maximum of around1.6 ps for the Au85Pd15. Furthermore, it is observed 
that the electron-phonon relaxation time for the alloys stayed constant in the 20 to 50% Pd 
composition range.  As it is showed in Figure 19, increasing the Pd fraction results in significantly 
more hot carriers with the same lifetime, an essential outcome for realizing practical hot-carrier 
optoelectronic devices. Overall the dynamics are consistent across the three probed wavelengths 
(3000, 3200 and 3450 nm). Since pure Au and Au92Pd8 did not generate a dynamic distinguishable 
from measurement noise, presumably from limited interband transitions, we did not calculate 
electron-phonon scattering times for those films. However, the relaxation times, ~1.6 ps, of the 
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richest Au samples (Au85Pd15) are very close to previously reported electron-phonon scattering 
time for pure Au nanoparticles excited at 800 nm54,117. 
Effect of Heating on Aux-Pd1-x alloys 
A very important variable that should be taken in consideration is the effect of elevated 
temperature exposure on the properties of the AuxPd1-x alloys.  Heating can be present during the 
fabrication steps of a device and/or during certain applications that exposes the photodetector to 
high temperature environments. It is worth to point out here that the following heating effect 
studies are focused to high temperature (450 oC) sources and not slightly temperature increasing 
(< 10 oC) due to carrier thermalization in metals119–121.     
To study the materials properties changing upon heating, UPS spectrum of annealed samples 
was obtained. Figure 29 shows the valence band of each annealed sample to that corresponding to 
only-sputtered sample. Annealing at 450 ◦C shows a reduction of the intensity close to the Fermi 
energy for all films. From this comparison is very clear that the alloy contribution to the EDOS 
near Fermi Level abruptly decreases when the sample is heated at 450 oC for 5 min.  The EDOS 
of pure Au and Pd films resemble Au-silicide122 (Au3Si) and Pd-silicide
123 (Pd2Si), respectively, 
after the annealing process. It means that silicon diffused to the surface upon heating.  
The shift of the peaks in the valence band to higher binding energy is due to the interplay 
between Fermi-level movement and core–hole screening induced by charge transfer from the metal 
to the silicon.  
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Figure 29. The EDOS of only-sputtered samples and after annealing at 450 oC by UPS 
measurements. 
In order to verify the silicon diffusion to the surface, Figure 30 shows the Si 2p spectrum by 
UPS measurements for only sputtered and annealed samples. 
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Figure 30. Silicon 2p spectrum by UPS measurements for only-sputtered samples and after 
annealing. 
Figure 30 shows the presence of the Si in the surface after annealing for all samples with 
intensity variation according to the composition. The silicide formation indicates the out-diffusion 
of Si to the top surface when the samples is annealed. This Si diffusion has already been reported 
even at annealing temperatures of 150 oC124. Au films shows a Si 2p core-level region with a peak 
at 99.7 eV and one at 103.5 eV. The latter is indicative of Si in the 4+ oxidation state and is 
characteristic of the SiO2 interfacial layer
125 which is observed at a small intensity even before 
annealing. It means that the Au film had pin holes, and therefore, was not a full continuous flat 
film. Bulk silicon (Si0) has an energy component at 99.0 eV122 which is not observed in all films, 
with exception of Au95Pd5, in Figure 30. The dominant presence of a component at about 99.7 eV 
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for all films is related to silicide formation. The shift of Si 2p towards the higher binding energy 
in the silicide is understood from the higher electronegativity of Au or Pd. The Au95Pd5 film has a 
spectrum corresponding to overlapping of bulk Si, gold silicide and silicon dioxide peaks126. The 
Au67Pd33 shows only a small trace of the Si 2p peak.  
To better understand the silicide formation, Figure 31 shows the Au 4f spectrum by UPS 
measurements for only-sputtered and annealed samples. 
All annealed samples with exception of the richest Pd-composition alloy show Au 4f peaks 
shift. After annealing at 450 oC for 5 min, the binding energy of the Au 4f5/2 and 4f7/2 peaks are 
shifted towards higher energies compared to the elemental gold peaks (84 and 88.0 eV). The Au 
4f peaks in the silicide is shifted by 0.6–0.9 eV towards higher binding energy compared to metallic 
Au which is in agreement with previous reported Aux-Siy binding energy values
126,127. This shift 
is known to be due to d-electron depletion to form an sd hybrid126. The absence of Au 4f peaks 






Figure 31. Au 4f spectrum by UPS measurements for only-sputtered samples and after annealing. 
Further investigation of what happened on the surface after annealing was done by XPS 
measurements (Figure 32). 
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Figure 32. Au 4f and Pd 3d core levels by XPS measurements for only-sputtered samples and after 
annealing. 
The lower incident photon energies used in UPS emit photoelectrons of much lower kinetic 
energies than those measured in XPS, therefore making XPS measurement more bulk-sensitive 
spectra than UPS. Based on that, we can see a few changes in the Au 4f peaks in Figure 32a (XPS) 
compared to those in Figure 31 (UPS). The most remarkable differences are for the Au95Pd5 and 
Au67Pd33 films. While the Au95Pd5 shows 4f peaks shift towards more than 1.0 eV higher binding 
energies, the Au67Pd33 shows Au-4f and Pd-3d peaks splitting. The last is the only film which 
shows a change in the full-width at half maximum (FWHM) values. Our observed shift of 1.6 eV 
in Au-4f peaks for the Au95Pd5 film is larger than previously reported results. This larger shift may 
be attributed to a structure induced chemical shift126.  
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For the Pd 3d3/2 peak (Figure 32b), we observed that the Pd film also forms silicide shifting its 
peak (341.2 eV) for higher binding energy, as previous reported by Takagi et al128, and also 
indicated by valence spectrum in Figure 29.  For the observed peaks splitting in the Au67Pd33 film, 
Figure 32 shows a higher resolution XPS spectra before and after annealing. 
 
 
Figure 33. XPS spectra of the (a) Au 4f doublet and (b) Pd 3d doublet of Au67Pd33 film. 
Distinct splitting of the Au 4f5/2 and Au 4f7/2 peaks are seen (Figure 32a) indicating the presence 
Au and Au-silicide at the surface129. The Pd 3d peaks also show splitting. These splitting happen 
when the reduction of Pd-metal-like (4d10) states is not enough to be completely replaced by the 
Pd2+ state (4d8)130. In this case, Pd and Pd-silicide is also present at the surface. 
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Comparing Figure 31 with Figure 33, we can say that for Pd-richest composition film, silicon 
could almost not diffuse to the very top surface, and therefore, it did not form silicide. While a few 
atomic layers towards the bulk, silicide formation starts to happen when annealed. 
For crystal structure changes upon annealing, Figure 34 shows the GIXRD spectrum for some 
of the films before and after annealing. 
 
Figure 34. GIXRD pattern of AuxPd1-x films as deposited and after annealing at 450 
oC. 
Although, GIXRD technique is a very bulk-sensitive analysis which means that it does not 
exactly represents the structures from the results we found on the UPS and XPS measurements, it 
can help to identify the annealing effect in the films. 
The Au spectrum shows that Au bulk-film keeps its crystal structure after annealing and 
increases its crystallinity, as expected. The Au91Pd9, Au66Pd34 and Pd films also show the same 
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behavior, but in addition, they show bulk-silicide formation. Instead of forming a single silicide 
crystal structure, each alloy compositions shows a combination of different stoichiometry silicide, 
as Au3Si, Au7Si, Au4Si and Au5Si2
127,131 and Pd2Si
132. 
Large Area Near Infrared Photodetector 
In order to compare the real performance of the AuxPd1-x alloys, a real device was fabricated. We 
chose a large area device to lower the fabrication costs. Figure 32 shows pictures of the main steps 
of the device fabrication. For these pictures a voltage of 5 kV and a current of 5.9 pA was applied. 
Moreover, focused ion beam (FIB) technique was used prior to the 11o step to make a transversal 
cut into the sample. The final dimension is ~ 215 nm diameter holes spaced by ~ 320 nm, and ~ 
234 nm pyramid depth. 
 
Figure 35. Scanning Electron Microscope (SEM) Pictures of the Main Steps During 
Photodetector Fabrication. a) PS assembly (step 2) b) Cr holes at 35o tilted angle (step 6) c) Si 
inverse-pyramids (step 8) d) Au filled pyramids after template stripping (step 10) e) Au 
pyramids at 35o tilted angle (step 10) f) after transversal FIB cut. 
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We started evaluating the photodetector made with pure Au, to further move for Pd and their 




) under 1550 nm wavelength illumination and no bias, shown in Figure 33. 
This wavelength was chosen because, besides being a telecommunication band, it avoids reaching 
the silicon band gap (~1127 nm). Moreover, to check any current that could be generated by silicon 
and ITO interaction, a Si-ITO control samples was used. The responsivity measured in this case 
was 4 nA/mW.  
 
Figure 36. Responsivity measurements of Au-PD. 
Following these results, we moved for pure Pd- and alloys-device fabrication. However, we 
noticed that the performance of the devices was being most affected by the defects during 
fabrication steps than any other variable. We replicated some Au-photodetectors in different 
fabrication batches, and we noticed discrepant results for the same material. Based on that, we 
decided to not move forward for testing different materials performance in this type of device. 

































l = 1550 nm
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Further progress in the AuxPd1-x studies which were being held in parallel with the device 
fabrication, led us to move from n-type silicon to p-type silicon substrate. Since AuxPd1-x alloys 
have more energetic holes than electrons, designing a device that has holes as the majority carrier 
was a plausible choice. In addition, we decided to change the device fabrication technique for E-
beam lithography. Although we increase the fabrication costs, now, we are able to make extremely 
more replicable devices, eliminating the output discrepancies due to defects from one device to 
another with the same design and material choice. 
E-beam Photodetector  
Following the objective of testing the performance of the same device design with different 
AuxPd1-x materials, we fabricated E-beam photodetectors. The device geometry was based on JCM 
wave simulations. We chose the Au66Pd34 film due to the large EDOS near Fermi, and we used the 
optical constants from Figure 14 for the calculation. Figure 37 shows a SEM image of one of these 
devices with its geometry dimension prior to oxide sputtering, and Figure 38 shows the JCM 
absorption simulation for this geometry under 1550 nm excitation wavelength. 
 
Figure 37. SEM pictures of the E-beam gratings and the metal contact pad. 
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Figure 38. JCM simulations of the fraction absorbed of Au64Pd34 gratings under 1550 nm excitation 
wavelength. 
Although we were able to show how one could use the same technique applied to make the 
AuxPd1-x thin films to fabricate a real device with these materials, current measurements were not 
possible at this current design. Prior to optical excitation, we measured the resistance between top 
and contact bottom pads for the Au-photodetector. The resistance was around 5 megaohms 
indicating that the device would not work. Based on that, we point out that further work is required 
to create better contacts pad, but it will not be part of this work. 
   

































CHAPTER 5. CONCLUSIONS 
The field of hot-carrier optoelectronics has seen huge progress during the last years. Showing 
the potential for fabricating photodetector devices with an order of magnitude faster response than 
the current commercial ones, without losing in responsivity and detectivity performance, and 
circuit design integration. The results presented in this thesis aim at collaborating with the 
development of this technology providing another class of material in this field with optimized 
properties for the near-infrared.  
At one side, prior works to this thesis showed novelties for hot-carrier optoelectronics, but 
have leaking in improvement for near-infrared region. Significant challenges existed based on the 
limitation of the electronic properties of noble metals which are the current leaders in this research 
field. While noble-metals generate hotter electrons through Landau damping and intraband 
transitions, the momentum conservation limits the hot-carrier population which is relatively low 
because there is only a limited joint density of states with finite momentum that are matched with 
the LSPR, phonons and defects wave vectors. 
 In this thesis, we identified that a noble-transition metal, Au50Pd50, which provides a 20-fold 
increase in the number of ~0.8 eV hot holes, compared to Au, and a 3-fold increase in the carrier 
lifetime, compared to Pd at optical communication wavelength of 1550 nm. This material shows 
enough potential to both hot-carrier generation and injection in the near-infrared exceling their 
constituent metals.  In addition, we addressed the effect of heating after-fabrication for the AuxPd1-
x alloys on silicon substrate. Since, it will be a problem if one makes using of high-temperature 
techniques during further steps in the device fabrication, as annealing, for example. Also, an 
uncontrolled temperature environment during device operation can cause high-temperature 
gradients, depending on the wavelength, power, and circuit operation. Our results showed that the 
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AuxPd1-x films abruptly reduce the EDOS near Fermi, and therefore, they will lose their electronic 
properties when expose to high temperatures, starting at 150 oC. We conclude showing how one 
can use the same fabrication methodology to apply these materials in a real device. 
We also want to point out the future work towards other noble-transition alloys exploration for 
near-infrared hot-carrier optoelectronics, such as Au-Ti, Au-V, Au-Mn, and Au-Zr. These 
combinations are based on transition metals with a large EDOS near the Fermi level combined 
with a noble-metal that forms true alloy at least in some composition range. 
Finally, we want to address that our work discovery can benefit other research areas beyond 
optoelectronic, such as photocatalysis, for example. Zhao et al. reported that Au nanoparticles 
through interband transitions generate hot carriers more efficiently and that those carriers exhibit 
higher reactivity as compared to those generated solely by LSPR for photoinduced oxidative 
etching with FeCl3
13. In this way, noble-transition metals nanoparticles can be designed for light-
driven catalysis reactions where the hot-carriers generated by interband transitions have enough 
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For Figure 5 on page 15 
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